Large polaron evolution in anatase TiO2 due to carrier and temperature
  dependence of electron-phonon coupling by Yan, B. X. et al.
	Large	polaron	evolution	in	anatase	TiO2	due	to	carrier	and	
temperature	dependence	of	electron-phonon	coupling	
B.X.	 Yan1,2,	 D.Y.	Wan1,2*,	 X.	 Chi2,3,	 C.J.	 Li4,	M.R.	Motapothula1,	 S.	 Hooda1,	 P.	 Yang3,	 Z.	
Huang1,	S.W.	Zeng1,	A.	Gadekar,	S.J.	Pennycook4,	A.	Rusydi1,2,3,	Ariando1,2*,	J.	Martin2*,	T.	
Venkatesan1,2,4,5,6*	
1NUSNNI-NanoCore,	National	University	of	Singapore,	Singapore	117411,	Singapore.	
2Department	of	Physics,	National	University	of	Singapore,	Singapore	117551,	
Singapore.	
3Singapore	Synchrotron	Light	Source,	National	University	of	Singapore,	Singapore	
117603,	Singapore.	
4Department	of	Material	Science	and	Engineering,	National	University	of	Singapore,	
Singapore	117575,	Singapore.	
5NUS	Graduate	School	for	Integrative	Sciences	and	Engineering,	National	University	
of	Singapore,	Singapore	117456,	Singapore.	
6Department	of	Electrical	and	Computer	Engineering,	National	University	of	
Singapore,	Singapore	117583,	Singapore.	
*Corresponding	author.	Email:	Venky@nus.edu.sg;	phyjm@nus.edu.sg;	
phyarian@nus.edu.sg;	Wandy@nus.edu.sg	
	
	
	
Abstract:	
The	electronic	and	magneto	transport	properties	of	reduced	anatase	TiO2	epitaxial	
thin	 films	are	analyzed	considering	various	polaronic	effects.	Unexpectedly,	with	
increasing	 carrier	 concentration,	 the	mobility	 increases,	which	 rarely	 happens	 in	
common	metallic	systems.	We	find	that	the	screening	of	the	electron-phonon	(e-ph)	
coupling	by	excess	carriers	is	necessary	to	explain	this	unusual	dependence.	We	also	
find	 that	 the	magnetoresistance	 (MR)	 could	 be	 decomposed	 into	 a	 linear	 and	 a	
quadratic	component,	separately	characterizing	the	transport	and	trap	behavior	of	
carriers	 as	 a	 function	 of	 temperature.	 The	 various	 transport	 behaviors	 could	 be	
organized	into	a	single	phase	diagram	which	clarifies	the	nature	of	large	polaron	in	
this	material.	
Introduction:	
Anatase	 titanium	dioxide	 (TiO2),	 besides	 its	well	 explored	 photocatalysis	 application,	 has	
spurred	research	interests	in	memristors1,	spintronic	devices2-4and	transparent	conducting	
oxides5-7.	 Thus,	 to	 optimize	 these	 applications,	 it	 is	 crucial	 to	 understand	 the	 nature	 of	
electronic	transport	in	anatase	TiO2.	Stoichiometric	anatase	TiO2	is	an	insulator	with	a	band	
gap	 of	 3.2	 eV.	 With	 intrinsic	 or	 extrinsic	 dopants,	 conductive	 TiO2	 typically	 has	 carrier	
concentration	above	1017	cm-3	and	resistivity	between	1	to	10-4	Ω⋅cm1-14.	
The	conductive	behavior	of	anatase	TiO2	varies	with	temperature	and	carrier	concentration	
depending	 upon	multiple	 mechanisms.	 From	 scanning	 tunneling	 microscopy	 (STM)8	 and	
	scanning	electron	microscopy(SEM)9,	anatase	TiO2	is	a	disordered	system	and	its	transport	
properties	 can	 be	 tuned	 by	 impurity	 clusters10-11.	 From	 angle	 resolved	 photoemission	
spectroscopy	 (ARPES)12,	 resonant	 inelastic	 x-ray	 scattering	 (RIXS)13	 and	 thermoelectric	
measurement14,	 electrons	 in	 anatase	 TiO2	 are	 coupled	 with	 phonons,	 forming	 the	
quasiparticle	“large	polaron”	which	 is	an	 intermediate	state	between	fully	 localized	small	
polaron	and	mobile	free	electron.	Usually,	since	the	strength	of	this	electron-phonon	(e-ph)	
coupling	 is	 moderate,	 the	 large	 polaron	 can	 be	 easily	 tuned	 to	 different	 states	 like	
dissociation15-16,	melting17-18	and	crystallization19.	The	formation	of	large	polaron	has	been	
suggested	to	be	able	to	shield	the	carrier	from	disorder	scattering20-21.	As	of	today	there	has	
been	no	systematic	study	of	polaron	behavior	with	temperature	and	carrier	density	because	
generally	 the	 data	 from	 STM,	 ARPES	 and	 RIXS	 are	 analyzable	 only	 at	 low	 temperatures.	
However,	with	transport	measurements	these	limitations	do	not	exist	and	by	tuning	the	film	
carrier	density	one	can	do	a	complete	study	which	is	the	subject	of	this	paper.	
Fabrication	Methods:	
92nm	(∼100	monolayers)	anatase	TiO2	thin	films	were	grown	on	single	crystal	(100)-oriented	
LaAlO3	substrates	by	pulsed	laser	deposition.	All	the	samples	were	fabricated	at	800°C	under	
3× 10-3	 mTorr	 oxygen	 partial	 pressure.	 The	 laser	 energy	 and	 frequency	 were	 kept	 at	
1.33J/cm2	and	2	Hz	respy.	To	study	the	intrinsic	properties	of	anatase	TiO2,	we	choose	to	
introduce	electrons	through	oxygen	vacancy	by	vacuum	thermal	annealing.	We	annealed	all	
the	samples	at	the	same	temperature	(900°C)	for	the	same	duration	(3	hours)	while	doping	
level	is	controlled	by	the	variation	in	oxygen	partial	pressure	(9×10-8	to	3×10-3	mTorr)	during	
the	anneal.	This	process	ensures	that	the	only	change	is	in	the	carrier	density	and	very	little	
change	in	the	anatase	crystal	structure.	The	diffusion	length	of	oxygen	ions	at	900°C	(	𝑙 =𝐷𝑡)	is	600nm,	where	D	 is	 the	oxygen	diffusion	coefficient22	and	t	 is	 the	annealing	time.	
Since	 the	 diffusion	 length	 is	 much	 larger	 than	 the	 film	 thickness	 (∼90nm),	 we	 expect	 a	
homogenous	carrier	concentration	in	the	films.	
Results	
Crystal	Quality	
The	X-ray	diffraction	(CuKα1	ray)	pattern	of	the	TiO2	films	is	shown	in	Fig.	1(a).	The	sharp	TiO2	
(004)	peaks	indicate	the	well-maintained	anatase	structure.	A	small	diffusion	of	the	Bragg	
peak	is	shown	in	Fig.	1(b),	indicating	the	lattice	to	be	slightly	distorted	after	reduction.	The	
distortion	could	be	attributed	to	two	possible	mechanisms:	(1)	the	oxygen	vacancies	can	be	
viewed	as	 flaws	 in	 the	 lattice	 frame,	broadening	 the	Bragg	peak;	 (2)	 the	e-ph	 interaction	
could	distort	the	lattice,	causing	a	diffusive	Bragg	peak23.	The	first	mechanism	is	acceptable	
since	all	the	FWHM	(γ)	of	reduced	samples	are	larger	than	the	oxygen	rich	sample	(γ0),	γ/γ0>1.	
Nevertheless,	it	cannot	explain	the	lattice	relaxation	at	∼3×1019	cm-3	which	was	reported	as	
the	critical	concentration	for	the	screening	of	e-ph	coupling	by	excess	carriers12.	Thus,	the	
relaxation	 beyond	 3×1019	 cm-3	 could	 be	 attributed	 to	 the	 second	mechanism:	 when	 the	
electron-lattice	coupling	is	screened,	the	lattice	distortion	will	relax.	
Electrical	transport	measurement	
	The	 transport	 properties	 of	 the	 anatase	 TiO2	 were	 measured	 by	 the	 Physical	 Property	
Measurement	System	(Quantum	Design).	The	resistivity	of	the	samples	varied	from	10-4	to	
10-1	Ω⋅cm	[Fig.	2(a)],	covering	the	range	of	most	reports1-14.	The	Hall	mobility	and	carrier	
concentration	are	presented	 in	Fig.	2(b).	Strikingly,	 the	mobility	 increases	with	 increasing	
carrier	concentration	[Fig.	2(c)].	There	are	two	mechanisms	depending	on	the	temperature.	
At	low	temperatures	(<60K),	the	positive	dependence	is	understandable	because,	in	variable	
range	hopping	(VRH)	regime24,	the	mobility	 is	proportional	to	the	hopping	rate	which	will	
increase	with	the	enlarged	overlap	among	hopping	sites	resulting	from	higher	doping	levels.	
In	this	case,	the	resistivity	(ρ)	follows25:	
	 𝜌 = 𝜌'𝑒 )*) +, 	 (1)	
where,	T	is	the	temperature,	ρ0	and	T0	are	two	parameters	determined	by	experiment.		
However,	at	high	temperature,	this	positive	dependence	is	rarely	observed	in	conventional	
metallic	systems.	But	by	considering	the	carrier	in	anatase	TiO2	to	be	a	large	polaron	rather	
than	a		bare	electron,	this	anomalous	behavior	can	be	explained.	When	moving	coherently	
on	 the	 conduction	 band	 at	 high	 temperature,	 the	 large	 polaron	 is	 usually	 scattered	 by	
Longitudinal-Optical	phonons26,	with	the	mobility	µLO	given	by:	
	 𝜇./ = ℏ12ℏ345 ⋅ 7849 ⋅ :;<=>849 1 ⋅ 𝑓 𝛼 eℏB45CD) − 1 	 (2)	
where	𝑒	is	 electron	charge,	ℏ	is	 the	 reduced	Plank’s	 constant,	𝜔./ 	is	 the	 frequency	of	 LO	
phonon	involved	in	scattering	(in	anatase	TiO2	this	is	366	cm-1	27),	𝛼	is	the	electron	phonon	
coupling	 constant,	𝑚IJKL 	is	 the	 band	 effective	mass	 of	 bare	 electron,	𝑚.M = 𝑚IJKL(1 +𝛼/6)	is	the	effective	mass	of	the	large	polaron28,	and	f(α)	is	a	slowly	varying	function	ranging	
from	1.0	to	1.4.	In	Fig.	2(d),	when	carrier	concentration	increases	from	7×1018	cm-3	to	2×1020	
cm-3,	 the	 calculated	 effective	 mass	 drops	 from	 0.63me	 to	 0.47me,	 consistent	 with	 prior	
experimental	result	(0.7me	at	5×1018	cm-3)12.	Note	that	the	theoretical	band	effective	mass	
0.43me29	is	pretty	close	to	the	high	carrier	concentration	value	and	the	effective	mass	of	a	
large	polaron	is	proportional	to	its	self-trapping	potential28,	with:	
	 mST = UVWXVYZ J∗Z	 (3)	
where,	EST	is	 the	self-trapping	potential	and	𝑎∗	is	 the	 localization	 radius	of	 the	electronic	
wave	function.	The	positive	dependence	could	thus	be	explained	with	the	screening	effect12	
as	following:	when	the	carrier	concentration	increases,	the	self-trapping	is	attenuated	with	
the	gradually	screened	e-ph	interaction,	resulting	in	a	decreasing	effective	mass	and	hence	
an	increasing	mobility.	
	Magneto	transport	measurement	
The	temperature	and	carrier	concentration	dependent	MR	are	shown	in	Fig.	3(a)-(b)	and	(c)-
(h)	respectively.	With	the	decrease	of	temperature,	the	MR	gradually	changes	from	positive	
to	negative.	We	found,	in	both	high	(>60K)	and	low	temperature	range	(<60K),	MR	can	be	
fitted	with	a	superposition	of	a	linear	and	a	quadratic	component:	
		 ^__ = 𝛽a𝐵 + 𝛽1𝐵1,		 (4)	
where,	β1	and	β2	are	the	coefficients	of	the	linear	and	the	quadratic	component	and	B	is	the	
applied	magnetic	field.	
Let	us	address	 the	negative	 linear	component	at	 low	temperature	 first.	The	negative	MR	
phenomenon	[Fig	3.	(a),(f)-(h)]	has	been	usually	ascribed	to	quantum	interference	effect25	
when	carriers	transport	incoherently	among	defect	states	in	a	disordered	system30,	with:	
	 𝑙𝑛 _ f,g_ f,' = −𝐴𝜈 aj22 7ℏk ⋅ 𝐻 ⋅ 𝑛jZm +Zn ⋅ ln _ f_* 	 , (𝜈~0.5)	 (5)	
where,	A	is	a	dimensionless	coefficient	determined	by	experiment,	H	is	the	magnetic	field	
strength,ν	is	a	factor	around	0.5	and	n	is	the	carrier	concentration.	When	the	MR	is	small,	𝜌(𝑇, 𝐻)/𝜌(𝑇, 0)~1,	the	above	equation	can	be	simplified	to	a	linear	form	as:	
	 ^__ = −𝛽aS𝐵,		 (6)	
where,	β1L	 is	 the	coefficient	 for	 the	 linear	component	at	 low	temperature.	The	quadratic	
component	at	low	temperature	is	usually	attributed	to	the	shrinkage	of	localized	electron	
wave	function	in	the	magnetic	field31.	For	a	trapped	electron,	the	magnetic	field	is	equivalent	
to	an	additional	potential	VH	which	will	squeeze	its	electronic	wave	function	and	reduce	its	
overlap	with	neighbors,	resulting	in	a	lower	hopping	rate	and	consequently	a	positive	MR,	
with:	
	 ln _ g_ ' = vJ∗7ZgZwxkZℏZ 	 (7)	
where,	τ	is	the	scattering	time	and	Ni	is	the	doping	level.	When	MR	is	small,	the	equation	can	
be	simplified	to	a	quadratic	format:	
	 ^__ = 𝛽1S𝐵1	 (8)	
where,	β2L	is	the	coefficient	for	the	quadratic	component	at	low	temperature.	
Compared	to	the	low	temperature	range,	the	MR	at	high	temperature	is	significantly	reduced	
and	hence	has	been	studied	 less.	However,	a	detailed	study	of	 the	high	temperature	MR	
reveals	subtle	physics	behind	the	polarons’	effect	on	the	electron	transport.		
In	 the	 metallic	 high	 temperature	 phase	 [Fig.	 3(b),	 (c)-(e)],	 as	 the	 temperature	 drops,	 a	
transition	from	linear	to	quadratic	MR	can	be	observed.	For	positive	linear	MR	behaviour,	
two	different	models	were	proposed	recently	32-33.	First,	the	quantum	linear	MR32	is	a	limiting	
case	of	the	Shubnikov-deHaas	oscillation	with	electrons	only	in	one	Landau	band	and	is	given	
by:	
	 y_z = wx	g{KZ	7k , 	𝑛 < 7gk} mZ	 	 (9)	
For	 n∼7×1018cm-3,	 H	 must	 be	 >20T	 to	 observe	 this	 effect,	 which	 is	 far	 beyond	 our	
measurement	 range.	 Besides,	 the	 linear	 MR	 in	 our	 experiment	 appears	 around	 room	
temperature,	where	quantum	effects	are	usually	eliminated	by	various	scattering	processes.	
	Thus,	 the	 quantum	model	 is	 not	 applicable	 to	 our	 result.	 The	 second	model	 is	 that	 of	 a	
classical	linear	MR33,	resulting	from	disorder	scattering	given	by:	
	 y__ ~ {~g1('.) = 𝛽ag𝐵	 (10)	
where,	g	is	a	numeric	factor	between	0	and	1,	and	β1H	is	the	coefficient	for	the	quadratic	
component	at	high	temperature.	For	the	condition	at	210K,	where	B=9T,	µ≈50cm2/(V⋅s)	and	
MR~0.18%,	 the	 calculated	 g	 is	~0.26,	which	 is	 an	 acceptable	 value.	Moreover,	 another	
signature	 for	 classical	 linear	 MR	 is	 its	 independence	 from	 carrier	 concentration,	 clearly	
shown	in	Fig.	3(c).	
For	the	high	temperature	quadratic	MR,	the	common	explanation	is	the	Lorentz	motion34	of	
the	electron	with:	
	 ^zz ~ µB 1	 (11)	
For	µ≈50	 cm2/(V⋅s),	 B=9T,	 the	MR	 is	 around	 0.01%,	which	 is	 negligible	 compared	 to	 the	
experimental	 value	∼0.2%.	 However,	 from	 a	 polaronic	model,	 this	 quadratic	MR	 can	 be	
explained	well.	Since	the	nature	of	a	polaron	is	a	self-trapped	electron,	the	magnetic	field	
will	 add	an	additional	magnetic	potential	VH	 to	 the	 system25.	With	eq.	 (3),	 the	 resistivity	
follows:	
	 ρ H = 849Z = UVW Z⋅XVYZ J∗Z = UVW ' Z⋅XVYZ J∗Z	.		 (12)	
where,	V = ℏ1𝑎∗1 8mλ	and	𝜆 = ℏ/(𝑒𝐵)	is	called	the	magnetic	length.	Thus:	
	 ^zz = UVW = : 1 ZXVYZ = 𝛽1g𝐵1	 (13)	
where,	β2L	is	the	coefficient	for	the	quadratic	component	at	high	temperature	and	with	B=9T,	
the	MR	is	around	0.26%,	consistent	with	our	experimental	result.	
Thus,	the	transition	from	linear	to	quadratic	MR	can	be	explained	by	the	varying	stability	of	
polarons	with	temperature.	At	high	temperature,	the	thermal	vibration	would	break	the	e-
ph	coupling,	resulting	in	a	dissociated	state15-16.	In	this	state,	the	polaron	is	unstable	and	bare	
electron	 is	 the	 majority	 carrier,	 which	 makes	 for	 a	 dominant	 linear	 MR.	When	 thermal	
vibration	attenuates	with	decreasing	temperature,	the	large	polarons	progressively	recover	
from	bare	electrons15-16.	Since	the	formation	of	large	polaron	can	protect	the	electron	from	
scattering	by	disorder20-21,	the	linear	MR	will	diminish	and	quadratic	MR	will	dominate		
With	the	above	analysis,	the	coefficient	for	the	linear	and	quadratic	MR	can	be	expressed	as:	
	 𝛽a 𝑇 = 𝛽ag ⋅ Kw ⋅ KK − 𝛽a. ⋅ Kxw 	 (14)	
	 𝛽1 𝑇 = 𝛽1g ⋅ Kw ⋅ KK + 𝛽1. ⋅ Kxw 	 (15)	
where,	Ntotal	is	the	total	number	of	carriers	in	the	system,	nband	and	nhopping	are	the	number	
of	 carriers	on	conduction	band	and	defect	 states	 respectively,	 the	nbare	and	npolaron	 is	 the	
	number	of	bare	electrons	and	polaron	on	conduction	band	respectively.	The	fitted	β1	and	β2	
are	shown	in	the	Fig.		4(a)-(b)	
Discussion	
From	the	above	analysis,	we	can	conclude	that,	for	the	linear	MR	component,	the	positive	
and	 negative	 values	 correspond	 to	 coherent	 band	 transport	 and	 incoherent	 hopping	
transport	respectively.	Thus	the	sign	of	linear	coefficient	β1	is	an	indicator	of	the	transport	
behaviour.	Similarly,	for	quadratic	coefficient,	a	small	and	a	large	value	should	appear	at	high	
and	 low	 temperature	 respectively	 since	 the	 long-range	 polaronic	 trapping	 (at	 high	 T)	 is	
usually	much	weaker	than	a	short-range	defect	trapping	(at	low	T).	Thus,	β2	is	an	indicator	
of	the	trap	behaviour.	Since	different	polaron	states	correspond	to	different	transport	and	
trap	behaviours,	MR	 can	hence	be	used	 to	 infer	 the	polaron	 evolution	with	 both	 carrier	
density	and	temperature.	
In	the	metallic	regime,	most	carriers	are	on	conduction	band,	with	nband~Ntotal	which	leads	
to		
	 𝛽a~𝛽ag ⋅ Kw , 𝛽1~𝛽1g ⋅ Kw .	 (16)	
At	 the	 dissociation	 state,	 bare	 electron	 is	 the	 majority	 carrier,	 with	 nbare~Ntotal	 and	
npoalron≪ Ntotal,	 the	 MR	 has	 a	 linear	 form	 𝛥𝜌/𝜌~𝛽ag𝐵 	as	 shown	 in	 Fig.	 3(c).	 When	
temperature	 decreases,	 the	 scattering	 weakens,	 and	 β1H	 will	 increase	 as	 the	 mobility	
increases	 [eq.	 (8)	 ],	 corresponding	 to	 the	 region	 I	 in	 the	 Fig.	 4(a).	 Simultaneously,	 the	
polarons	would	be	gradually	recovered,	resulting	in	an	increasing	β2.	With	further	decrease	
in	temperature,	the	system	transforms	to	a	typical	large	polaron	system28.	With	the	decrease	
of	bare	electrons,	the	linear	MR	begins	to	decrease	as	in	region	II	in	the	Fig.	4(a).	
At	 low	 carrier	 concentration,	 the	 force	 among	 polaron	 is	 repulsive19	 which	 localizes	 the	
carrier	and	reduces	its	mobility	as	is	the	case	for	n=7×1018cm-3	shown	in	Fig.	2(b).	However,	
when	carrier	concentration	is	high	enough	for	polarons	to	overlap,	the	phase	would	change	
to	a	polaron	 liquid17-18	where	 the	e-ph	 interaction	 is	attenuated12	as	 the	case	 in	Fig.	1(b)	
above	4×1019cm-3.	 In	the	 liquid	phase,	the	carriers	are	more	mobile	and	prone	to	various	
scattering	mechanism,	resulting	 in	an	 increasing	mobility	with	decreasing	temperature	as	
shown	 in	 Fig.	 2(b)	 at	 n=2×1020cm-3.	 At	 region	 II	 in	 Fig	 4(a)-(b),	 the	 carrier	 concentration	
dependence	 of	 β1	 and	 β2	 are	 positive	 and	 negative	 respectively,	 which	 is	 a	 result	 of	
liquidation.	
When	the	temperature	is	low	enough,	the	carriers	start	to	drop	from	the	CB	to	the	trapping	
sites24,	nband≪nhopping,,	forming	a	localized	polaron	state8	as	the	region	III	in	Fig	4(a)-(b).	β1	
changes	 from	 positive	 to	 negative	 as	 band	 transport	 changes	 to	 hopping	 transport.	 A	
transition	in	β2	could	be	observed	as	expected	due	to	the	change	from	self-trapping	to	defect	
trapping	leading	to		
	 𝛽a~ − 𝛽a. ⋅ Kxw , 𝛽1~𝛽1. ⋅ Kxw .	 (17)	
	However,	 the	 transition	 of	 trapping	mode	 is	 blurred	 above	~4×1019cm-3	when	 the	wave	
functions	start	to	overlap,	which	is	consistent	with	previous	discussion.	The	above	analysis	
can	be	summarized	in	a	phase	diagram	of	polaron	states	as	shown	in	Fig.	4(c).	
By	 looking	 at	 the	 low	 temperature	 part	 of	 the	 phase	 diagram	 which	 has	 been	 studied	
extensively	by	STM8,	ARPES12	and	RIXES13	the	study	has	focused	on	localized	polarons.	These	
studies	have	not	explored	the	mobile	polarons	observable	only	at	higher	temperatures	but	
also	become	more	complex	to	interpret	by	these	techniques.	
The	 effective	 polaron	 radius	 is	 about	 2nm	 estimated	 from	 eq.	 (3)	 with	 ELP~ 100meV	
significantly	smaller	than	nanoparticles	used	for	various	applications1,	5-6,	10.	Thus,	polaron	
transport	must	be	taken	into	account	regardless	of	the	crystallinity.	One	of	the	important	
consequence	of	polaron	transport	is	the	immunity	of	polarons	to	local	defects	which	ought	
to	 provide	 a	 lesser	 dependence	 of	 the	 transport	 property	 on	 the	 local	 defect	 of	 the	
materials21	analogous	to	the	organic	perovskites20.	
Conclusion	
In	 summary,	 a	 phase	 diagram	 for	 the	 polaron	 evolution	 in	 anatase	 TiO2	was	 developed	
through	a	detailed	analysis	of	the	electronic	and	magneto	transport	data	as	a	function	of	
carrier	concentration	and	temperature.	Our	results	bridge	the	gap	of	the	study	of	localized	
large	polarons	to	the	less	studied	mobile	polarons	at	higher	temperatures.			
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	Figure	Caption	
Figure	1.(a)	X-ray	diffraction	spectra	of	as-grown	and	reduced	TiO2	films	on	LAO	substrate.	
(b)	Normalized	intensity	of	X-ray	scattering	around	the	(004)	Bragg	reflection.	The	FWHM	
ratio	of	the	reduced	to	the	oxygen-rich	sample	is	shown	in	the	inset	of	(b).	(c)	TEM	image	of	
epitaxial	anatase	TiO2	(n=2×1020cm-3)	which	agrees	with	the	schema	of	anatase	TiO2	shown	
in	(d)	
Figure	 2(a)	 Temperature	 dependence	 of	 resistivity	 in	 anatase	 TiO2	 thin	 film.	 (b)	 Carrier	
concentration	 and	 mobility	 from	 Hall	 measurement.	 In	 3-300K	 range,	 higher	 carrier	
concentration	leads	to	a	higher	mobility	as	shown	in	(c).	(d)	Calculated	effective	mass	of	the	
large	polaron.	Example	of	modelled	resistivity	for	n=7×1018cm-3using	variable	range	hopping	
and	large	polaron	model	is	shown.		
Figure	3(a)	and	(b)	Variation	of	MR	with	temperature	(n=7×1018cm-3).	(c)-	(h)	Variation	of	MR	
with	doping	level	at	300K	to	3K	(dots).	The	MR	can	be	well	fitted	with	a	superposition	of	a	
linear	and	a	quadratic	component	(lines).	
Figure	4(a)-	(b)	The	temperature	dependence	of	parameter	β1	and	β2	of	the	anatase	samples.	
Based	on	different	temperature	and	carrier	concentration	dependence,	the	data	are	divided	
into	three	different	regions	(c)	Phase	diagram	for	large	polaron	in	anatase	TiO2,	where	we	
sketched	the	proposed	polaron	phases	and	how	it	might	evolve	with	temperature	and	carrier	
concentration.	The	boundary	1	circle	points	are	the	maximum	values	of	β1,	separating	the	
dissociation	phase	from	the	polaronic	phases.	The	boundary	2	square	points	are	zero	points	
of	β1,	 separating	 the	 localized	 state	 from	 the	mobile	 states.	 Above	 the	 boundary	 3,	 the	
polaron	 begin	 to	 overlap	 with	 each	 other	 and	 the	 screening	 effect	 begin	 to	 emerge.	
Schematic	diagram	showing	corresponding	polaron	states	are	inserted,	with	the	red	and	blue	
circle	as	positive	and	negative	lattice	ion,	small	blue	dot	as	electron	and	large	translucent	
blue	circle	as	the	large	polaron.	
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